In this work, the applicability of 12 solar radiation (R S ) estimation models and their impacts on daily reference evapotranspiration (ET o ) estimates using the Penman-Monteith FAO-56 (PMF-56) method were tested under cool arid and semi-arid conditions in Iran. The results indicated that the average increase in accuracy of the ET o estimates by the calibrated R S models, quantified by the decrease in RMSE, was 2.8% and 6.4% for semi-arid and arid climates, respectively. ARTICLE HISTORY
Introduction
The accurate estimation of evapotranspiration (ET) is essential to many applications such as improving water usage, agricultural planning and effective water resources management, especially in arid and semi-arid regions. The use of a reference crop ET (ET o ) permits a physically realistic characterization of the effect of the microclimate of a field on the evaporative transfer of water from the soilplant system to the atmospheric air layers overlying the field (Wright 1996) . The value of the definition of ET o is that it is independent of vegetation and soil characteristics, allowing for the analysis of only meteorological factors (Rojas and Sheffield 2013) . The rate of ET o is an agroclimatic parameter used worldwide as a necessary component in every project of regional scale concerning irrigation planning, water resources monitoring and management, or land-use development (Dalezios et al. 2002) .
A large number of methods for estimating ET o from meteorological data have been developed (McMahon et al. 2013) . The International Commission for Irrigation and Drainage (ICID) and the Food and Agriculture Organization of the United Nations (FAO) have proposed using the Penman-Monteith FAO-56 (PMF-56) method as the standard method for estimating ET o (Allen et al. 1994a (Allen et al. , 1994b (Allen et al. , 1998 . Additionally, numerous researchers have accepted this model as the most precise for estimating ET o in various climates throughout the world (e.g. Garcia et al. 2004 , Tegos et al. 2009 , Oudin et al. 2010 , Sabziparvar et al. 2010 , Tabari 2010 , Kwon and Choi 2011 , Tabari and Talaee 2011 , Sun et al. 2013 , Tabari et al. 2013 . The PMF-56 method assumes that ET o is that from a hypothetical reference grass with an assumed crop height (0.12 m), a fixed canopy resistance (70 s m -1 ) and albedo (0.23), which is actively growing and not short of water.
Solar radiation (R S ) is a fundamental input for estimating ET o (Tegos et al. 2013) . The best way to determine R S at a particular site is to install measuring instruments such as a pyranometer or pyrheliometer, which is a very tedious and costly exercise (Katiyar and Pandey 2010) . The R S values can also be estimated from satellite observations (Paech et al. 2009 , Posselt et al. 2012 which need validation based on ground measurements. Although R S data are known to be very important, the data are recorded in few locations in developing countries due to the cost and the maintenance and calibration requirements of the measuring equipment. Even at locations where R S is measured there could be many days when R S data are missing or lie outside the expected range due to equipment failure or other problems (Hunt et al. 1998) . Furthermore, sometimes R S measurements with error of up to 25% are observed due to calibration uncertainties, especially when using pyranometers (Justus et al. 1986 , Kandirmaz et al. 2004 . The sources of error in measuring R S include equipment technical failure, equipment maintenance issues, and other operation-related problems (Moradi et al. 2009 ).
Developing models to estimate R S on the basis of other, more readily available, meteorological data is an alternative to measuring R S . Meteorological parameters that have been most frequently used to estimate R S are sunshine hours, air temperature, cloudiness, relative humidity and precipitation. So far, numerous studies have been conducted to evaluate and calibrate the existing R S models and to develop new relationships to estimate R S (e.g., Persaud et al. 1997 , Morid et al. 2002 , Fortin et al. 2008 , Martinez and Thepadia 2010 , Rahimikhoob 2010 , Almorox 2011 , Thepadia and Martinez 2012 , Khorasanizadeh and Mohammadi 2013 . Meza and Varas (2000) evaluated the Angström (1924) , BristowCampbell (1984) and Allen (1997) models for estimating R S in Chile. The findings of this study revealed that the Allen and Bristow-Campbell models were adequate and allowed the estimation of mean average R S as a function of air temperature variation. Chen et al. (2004) calibrated two sunshinebased and three air-temperature-based R S models in China. They showed that the sunshine-based models were suitable for daily R S and the models that used air temperature as the input variable were not suitable. Besharat et al. (2013) reviewed R S models and classified them into four categories: temperature-based, sunshine-based, cloud-based and other meteorological parameter-based models. Furthermore, they evaluated the accuracy and applicability of the models for computing the monthly average daily R S at Yazd station in central Iran. The results showed that the sunshine-based methods were generally more accurate among the four categories of R S models.
In spite of the importance of R S for estimating ET o , studies on the impact of local calibration of radiation models to improve ET o estimates are comparatively rare in the literature. Bandyopadhyay et al. (2008) estimated monthly R S from measured air temperature extremes in India and then compared the ET o values derived from both measured and estimated R S . The choice of method to obtain R S estimates was found to have a relatively small effect on the resulting ET o estimates. Their results also indicated that under Indian conditions, where no R S measurements were available, the Hargreaves model (Hargreaves 1994 ) was the best model for R S estimation from air temperature minima and maxima. Sabziparvar et al. (2013) compared the effect on daily ET o estimates using the PMF-56 method with pre-defined Angström-Prescott (AP) coefficients (i.e. a and b) and with locally calibrated coefficients for 15 sites over Iran. They found that the range of the calibrated AP coefficients are climate dependent and differ from those recommended by the FAO. They also showed that daily ET o estimates improved up to 72.7% when the calibrated AP coefficients were used instead of the FAO-56 pre-defined AP coefficients.
The main goal of this paper is to estimate daily ET o using existing and calibrated R S models under two different climatic conditions and to compare the estimates. For this purpose, 12 existing sunshine-and temperature-based radiation models were evaluated and calibrated using daily data from two weather stations located in the cool arid and semi-arid regions of Iran.
Materials and methods

Data collection and quality control
Daily meteorological data were obtained for Tabriz (38°05ʹN, 46°17ʹE; 1361 m a.s.l.) and Isfahan (32°37ʹN, 51°40ʹE; 1550 m a.s. l.) weather stations from the Islamic Republic of Iran Meteorological Organization (IRIMO). The data covering the period 2000-2005 were composed of mean, maximum, minimum and dew point temperatures, water vapour pressure, relative humidity, atmospheric pressure, solar radiation, sunshine hours and wind speed. The Tabriz weather station is located in a cool semi-arid (BSk) climate in the northwest of Iran and the Isfahan station is in a cool arid (BWk) climate in the central part of the country. The criteria for selection of the weather stations were based on the climate type and the availability of the measured solar radiation.
Although the assessments of data quality of the meteorological records have been conducted by the IRIMO before delivering them to users, due to the importance of solar radiation and sunshine duration data, they were checked for errors and inconsistencies according to the rules described by Tymvios et al. (2005) , Moradi (2009) • If there were missing measurements for either sunshine hours or solar radiation or both, the data for that d were omitted.
• If either the clearness index (R S /R a ), or relative sunshine hours (n/N) was greater than 1, the data for that day were removed from the dataset (R S is the global solar radiation, R a is the extraterrestrial radiation, and n and N are the actual and maximum possible sunshine hours, respectively).
• If R S was greater than f × R a , the data for that day were removed from the dataset. The f factor depends on the latitude of the site (Palz et al. 1984) ; f = 0.78 for the study stations.
• If R S was lower than 0.03 × R a , the data for that day were omitted.
• If there were 10 or more days of missing data in the same month, the data for that month were omitted.
Solar radiation models
Model 1: Hargreaves-samani model According to Hargreaves and Samani (1985) , the difference between the maximum and minimum temperature is related to the degree of cloud cover in a given location. Clear-sky conditions result in high temperatures during the day (T max ) because the atmosphere is transparent to the incoming R S , and in low temperatures during the night (T min ) because less outgoing longwave radiation is absorbed by the atmosphere. In contrast, in overcast conditions, T max is relatively smaller because a significant part of the incoming R S never reaches the Earth's surface and is absorbed and reflected by the clouds. Similarly, T min will be relatively higher as the cloud cover acts as a blanket and decreases the outgoing longwave radiation. Therefore, the difference between the maximum and minimum temperature (T max − T min ) can be used as an indicator of the fraction of extraterrestrial radiation that reaches the Earth's surface (Hargreaves and Samani 1985) . The Hargreaves-Samani formula for estimating
) is as follows:
where R a is the extraterrestrial radiation (MJ m -2 d -1
), T max is the maximum air temperature (°C), T min is the minimum air temperature (°C) and K RS is an adjustment factor which was initially set to 0.17 for arid and semi-arid regions. Hargreaves (1994) later recommended values of 0.16 and 0.19 for inland and coastal regions, respectively. Daily R a is given by the following equation (Allen et al. 1998) :
where dr is the relative distance between the Earth and the Sun (equation (3)); t is the sunset hour angle in radians (equation (4)), ϕ is the latitude and δ is the solar declination angle in radians (equation (5)):
In equations (3) and (5), J is the Julian day number (i.e. J = 1 for 1 January).
Model 2: Allen model
Following the work of Hargreaves and Samani (1985) , Allen (1995) suggested estimating K RS as a function of elevation to account for the effect of elevation on the volumetric heat capacity of the atmosphere:
where K RA is an another coefficient whose value is taken as 0.17 for interior regions and 0.20 for coastal regions, P is the mean atmospheric pressure at the site (kPa), which can be estimated by:
where P 0 is the mean atmospheric pressure at sea level (101.3 kPa) and Z is the elevation of the site (m).
Model 3: Samani model
Samani (2000) used average monthly temperature and radiation data for a period of 25 years from 65 weather stations for the continental United States and developed the following equation for estimating K RS used in equation (1):
which can be applied between 7°N and 50°N latitudes.
Model 4: Annandale model Annandale et al. (2002) , by introducing a correction factor for parameter K RS to account for the effects of reduced altitude and atmospheric thickness on R S , modified the Hargreaves and Samani model as:
where Z is the elevation above sea level (m).
Model 5: Chen model Chen et al. (2004) proposed the following model: 
where T is mean air temperature (°C) and RH is relative humidity (%).
Model 7: Ertekin-Yaldiz model Ertekin and Yaldız (1999) reported that R S can be calculated by the following equation:
Model 8: Togrul-Onat model Türk Toğrul and Onat (1999) estimated R S for Elazig, Turkey, by a multiple linear regression as follows:
Model 9: Almorox-Hontoria model Almorox and Hontoria (2004) have suggested an exponential type model as:
Model 10: Ogelman model Ogelman et al. (1984) suggested a second-order polynomial equation for estimating R S as:
Model 11: Dogniaux-Lemoine model Dogniaux and Lemoine (1983) suggested the following equation, which takes in to account the effect of latitude of the site (ϕ) as an additional input:
Model 12: Glover-McCulloch model Glover and McCulloch (1958) presented the model below to predict global R S which is valid for ϕ < 60°:
Reference evapotranspiration model
In this study, the daily ET o values were estimated by the PMF-56 method, which is given by Allen et al. (1998) , as follows:
where ET o is the reference crop evapotranspiration (mm d -1 ), R n is the net radiation (MJ m -2 d -1 ), G is the soil heat flux (MJ m -2 d -1 ), γ is the psychrometric constant (kPa°C -1 ), e s is the saturation vapour pressure (kPa), e a is the actual vapour pressure (kPa), Δ is the slope of the saturation vapour pressure-temperature curve (kPa°C -1 ), T mean is the average daily air temperature (°C), and U 2 is the mean daily wind speed at 2 m (m s -1 ). The parameters Δ and γ were computed as (Allen et al. 1998 ):
where P is the atmospheric pressure (kPa) and λ is the latent heat of vaporization (MJ kg -1
). The parameters λ and e a were also computed as:
e a ¼ 0:6108 exp 17:27T dew 237:3 þ T dew (22) where T dew is the dew point temperature (°C) (Allen et al. 1998) .
Performance evaluation criteria
The performance of the above-mentioned models for estimating daily R S , and the accuracy of the daily ET o values calculated by the estimated R S , was evaluated by the root mean square error (RMSE), mean bias error (MBE) and coefficient of determination (R 2 ). The R 2 measures the degree to which two variables are linearly related. The RMSE and MBE provide a comparison of the actual deviation between the estimated and observed values, and lower values reflect better model performance. In addition, the MBE indicates whether a given model has a tendency to over-or under-estimate. A positive MBE value gives the average amount of overestimation in the calculated values and vice versa.
Results and discussion
Evaluation of R S estimation models
The results of the statistical analysis of the R S models in the cool semi-arid climate are given in in both climates. The performances of the Ertekin-Yaldiz and Togrul-Onat models at the cool semi-arid location were better that those at the cool arid location. This is due to the fact that these models were originally developed for the climatic conditions of Turkey, which are similar to the climate of the Tabriz station. In both climates, the modification of the Hargreaves-Samani model by Annandale et al. (2002) for altitude correction performed the same as the HargreavesSamani model. The other modification of the HargreavesSamani model for altitude correction proposed by Allen (1995) improved the results of the Hargreaves-Samani model at the cool semi-arid location, but provided poorer R S estimates at the cool arid location. The poor performance of the Allen model at Isfahan station (1550 m a.m.s.l.) was expected since this method was not recommended for stations having an altitude of more than 1500 m. In both climates, the empirical relationship of Samani (2000) gave poor results as compared with the Hargreaves-Samani model.
Calibration of R S estimation models
Weather data from 2000 to 2004 were used for calibration of the R S models, and 2005 data were used for validation of the calibrated equations. Statistical measures and the calibrated equations of the empirical R S models in the cool semi-arid climate are presented in Table 3 . As can be seen from Table 3 , the K RS of the Hargreaves-Samani model for the semi-arid climate was around 0.14, which is 12.5% lower than the original coefficient of 0.16. Performance evaluation criteria and calibrated equations of the empirical R S models in the cool arid region are given in Table 4 . The K RS coefficient of the Hargreaves-Samani model for the arid climate was obtained as 0.161, which is approximately the same as that (0.16) recommended by Hargreaves (1994) . The results of this study suggests a value of 0.177 for the coefficient of the Allen model, which is slightly (4%) higher than that suggested by Allen (1995 
Estimation of daily ET o
To investigate the effect of estimated R S on ET o , daily ET o was estimated using the original and calibrated R S models and was compared with that calculated from measured R S . The statistical measures for the daily ET o estimated by the original and calibrated R S models in the semi-arid climate are shown in Fig. 3 . As one can see, the estimation errors for ET o computation by all the R S models were satisfactory and were lower than those observed for R S estimation. This was a result of more input variables such as temperature, humidity and wind speed involved in the PMF-56 equation for estimating ET o . These results are in good agreement with the results of Bandyopadhyay et al. (2008) , who found that the effect of R S estimates on ET o estimates was low. Although improvement in ET o estimation using the calibrated R S equations of Hargreaves-Samani, Allen, Samani, Annandale, Chen and Fig. 4 . Overall, the ranking of the calibrated R S models for ET o estimation based on the RMSE values was different from the ranking of the original R S models. The range of differences between the daily ET o calculated by measured and estimated R S in the cool semi-arid climate is given in Table 5 
H-S Al S An C A-H O D-L G-M E E-Y T-O H-S Al S An C A-H O D-L G-M E E-Y T-O
Models
R 2
Before calibration After calibration improvement of 27.5%. In addition, the R 2 value for this model increased from 0.87 to 0.99. After calibration, the RMSE for the El-Sebaii model was reduced from 33.3% to 6.8%, which resulted in an improvement of 26.5%. The daily ET o estimated by the original and calibrated Samani and El-Sebaii models is illustrated in Fig. 6 . The average increase in accuracy for the Togrul-Onat model, quantified by the decrease of RMSE, was 8.1% (from 13.0% to 4.95%). For the Ertekin-Yaldiz model, the RMSE decreased from 14.1% to 7.0%, which meant an improvement of 7.1%. For the Glover-McCulloch model, the RMSE value decreased from 11.7% to 7.4%, which resulted in an improvement of 4.3%. In general, the average increase in accuracy of the ET o estimates by the R S models was about 6.4%.
The range of differences between the daily ET o calculated by measured and estimated R S in the cool arid climate is presented in Table 6 ) yielded the best R S estimations in semi-arid and arid climates, respectively, as compared to the measured R S . The R S models presented R S estimates that were closer to the measured R S after calibration and their estimation errors decreased significantly. For instance, the calibration resulted in decreasing the RMSE values of the Allen model from 21.56% to 17.14% in the semi-arid climate, indicating that the Allen model produced closer R S estimates to the measured R S after it was calibrated. The estimation errors for ET o by all the R S models were satisfactory and were lower than those found for R S estimation. The improvements in ET o estimation by the calibrated R S models in the arid climate were greater than those in the semi-arid climate. The greatest improvements in the arid climate were found for the Samani and El-Sebaii models by 27.5% and 26.5% respectively, while the greatest improvements in the semi-arid climate were observed for the Ertekin-Yaldiz and Glover-McCulloch models by 7%.
The results presented in this paper will assist in more accurate computation of reference evapotranspiration and crop water requirements when solar radiation data are missing or lie outside the expected range. Further research is needed to evaluate and calibrate solar radiation models for ET o estimation in other regions of varying climatic conditions. 
